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Modulation of the metarhodopsin I/metarhodopsin II equilibrium 
of bovine rhodopsin by ionic strength
Evidence for a surface-charge effect
Frank DELANGE, Maarten MERKX, Petra H. M. BOVEE-GEURTS, Arthur M. A. P1STORIUS and Willem J. DEGRIP
Department of Biochemistry F.M.W., Institute of Cellular Signalling, University of Nijmegen, The Netherlands
(Received 1 July/7 October 1996) - EJB 96 0972/6
The effects of ionic strength on formation and decay of metarhodopsin II (Mil), the active photointer­
mediate of bovine rhodopsin, were studied in the native membrane environment by means ot ultraviolet/ 
visible and Fourier-transform infrared (FTIR) spectroscopy. By increasing the concentration of KC1 in 
the range from hypotonic to 4 M, the apparent pKkl of the metarhodopsin I(MI)/MII equilibrium is shitted 
by approximately pH three, in favor of the Mil intermediate. In addition, the apparent rate of MU forma­
tion is enhanced by an increase in ionic strength (about twofold in the presence of 2 M KC1). Mil decay 
is independent of the salt concentration. Attenuatecl-total-reflectance/FTIR data show that the high-salt 
conditions have no effect on the rigidity of the membrane matrix and do not induce structural changes in 
the intermediates themselves. Different salts were tested for their ability to shift the MI/MII equilibrium; 
however, no clear ion dependence was observed. We interpret these results as an indication lor direct 
involvement of the cytosolic surface charge in the regulation of the photochemical activity ot bovine 
rhodopsin.
Keywords: bovine rhodopsin; metarhodopsin I/metarhodopsin II equilibrium; pKa; ionic strength; surface 
charge.
Rhodopsin is the photoreceptor protein located in the disk 
membranes of retina] rod photoreceptor cells, and is considered 
to be a model for the superfamily of guanine-nucleotide-binding 
regulatory protein (G protein)-coupled receptors (DeGrip et al., 
1988; Hargrave and McDowell, 1992). It consists of the apo­
protein opsin and the chromophore 11-d.v-retinal, which is cova­
lently linked through a Schiff base to Lys296 in bovine opsin. 
Photoexcitation of rhodopsin involves the rapid photoisomeriza­
tion of the chromophore to the al\-trans configuration. This 
primary photochemical event triggers a cascade of photointer­
mediates involving a series of slower thermal transitions in the 
protein moiety. Under physiological conditions, the active meta­
rhodopsin II intermediate (Mil) is formed on a millisecond time- 
scale (Emeis et al., 1982; Kibelbek et aL, 1991). Mil can bind 
and activate the G protein transducin, which ultimately leads to 
hyperpolarization of the rod photoreceptor cell and further 
neuronal transduction of the signal.
M il is in equilibrium with its precursor metarhodopsin I 
(MI; Matthews et al., 1963). Therefore, to clarify the mechanism 
of visual excitation on a molecular level, understanding the 
factors that control the MI/MII transition is essential. The main 
characteristics of the MI/MII transition are considered to be (a) 
deprotonation of the retinal Schiff base and a net proton uptake
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of at least one proton (Matthews et al., 1963; Doukas el al., 
1978), (b) relatively large structural changes in the protein moi­
ety involving, among other things, carboxyl groups (Siebert et 
al, 1983; DeGrip et al., 1985), of which Asp83 has been iden­
tified (Rath et al., 1993; Fahmy et al., 1993), and sulfydryl 
groups (Rath et al., 1994), and (c) a transient change in charge 
distribution (Bennett et al., 1980; Riippel and Hagins, 1973). 
The MI/MU equilibrium has been shown to be sensitive to tem­
perature, pH (Matthews et al., 1963) and pressure (Lamola et al., 
1974; Attwood and Gutfreund, 1980). Environmental properties, 
such as lipid composition, membrane fluidity (Applebury el al., 
1974; DeGrip et al., 1983; Wiedmann et al., 1988; Mitchell et 
al., 1990; Gibson et al., 1993; Brown, 1994), the degree of 
hydration (Rafferty and Shichi, 1981; Ganter el al., 1988), and 
the presence of detergents (Lamola et al., 1974; Konig et al.,
1989) also affect the equilibrium. Furthermore, several mut­
ations involving polar amino acid residues in rhodopsin have 
been reported that shift the MI/MII equilibrium (Weil/ and 
Nathans, 1992, 1993; DeCaluwe et al., 1995). These and other
studies on rhodopsin analogs or mutants (Longstaffet al., 1986;
Sakmar et al., 1989; Robinson et al., 1992; Zvyaga et al., 1993) 
suggest that the MI/MII transition is at least partially controlled 
by local electrostatic interactions and/or charge distributions. In 
general, it is evident that the MI/MII transition involves the 
largest structural change in the protein and that it strongly 
responds to the environment. It is therefore essential to study 
local effects in the native environment, the photoreceptor mem­
brane .
If the MI/MII transition were controlled basically by electro­
static factors, it should respond to the ionic strength of the 
solvent. Salt effects on the kinetics of rhodopsin bleaching have 
been reported for rhodopsin in detergent solution (Amis and
DeLange et al. (Eur. J. Biochem. 243) i u
Hofmann, 1993). However, since almost all detergents dramati­
cally alter the pH dependence of the MI/MII equilibrium (Mat­
thews et al., 1963; Lamola et al., 1974; Konig et al., 1989), 
effects of ionic strength on the apparent pKlx of this equilibrium 
have not been investigated. We have analyzed these aspects 
using ultraviolet/visible and Fourier-transform infrared (FTIR) 
spectroscopies on the native rod-outer-segment (ROS) mem­
brane. While ultraviolet/visible spectra primarily contain infor­
mation about the chromophore and its electrostatic environment, 
FTIR spectra contain vibrational information of the entire com­
plex and can be used to monitor conformational changes in chro­
mophore, protein and lipid. By combining both techniques, we 
can establish whether the photoinduced electronical and vibra­
tional transitions are coupled under various experimental condi­
tions, and, moreover, we have a sensitive tool to monitor salt- 
induced structural changes in the rhodopsin molecule. Here, we 
demonstrate that several properties of the rhodopsin photocas­
cade respond to an increase in ionic strength, without a marked 
ion dependence: the formation but not the decay of Mil is ac­
celerated ; and the pKlx of the MI/MII equilibrium is shifted up­
wards, increasingly favoring Mil at increasing salt concentra­
tions. We will discuss the implications of these findings for a 
role of the protein-surface charge in the regulation of rhodopsin 
function.
MATERIALS AND METHODS
ROS were prepared as previously described (DeGrip et al., 
1980). The resulting photoreceptor membranes had an A2mIA5Q() 
ratio of 2.0—2.2. All manipulations were performed under dim 
red light (RG645 cut-off filter; Schott). Standard solutions con­
tained 20 mM buffer, 130 mM NaCl, 10 mM KC1, 3 mM MgCL,
2 mM CaCl2 and 0.1 mM EDTA (buffer A). Buffers Mes, Hepes 
and Bistris-propane were used to cover the pH range 5.5 — 9.0.
Ultraviolet/visible spectroscopy. All ultraviolet/visible 
analyses were performed on a Perkin Elmer X\5 double-beam 
spectrophotometer equipped with an end-on photomultiplier de­
tector. A circulating bath connected to the cuvette holder was 
used to control sample temperature.
Calculation of the amount of MI formed after illumination. 
The measurements were routinely performed at 10°C, since at 
this temperature the decay of Mil is negligibly slow and does 
not interfere with our analyses. Samples contained a ROS-mem- 
brane suspension («2 pM rhodopsin) in either Mes, Mops, 
Hepes or Bistris-propane and salts as indicated. A spectrum was 
recorded between 750 nm and 250 nm (170 s) of the initial, un­
bleached sample (spectrum 1). The sample was illuminated for 
10 s (OG530 filter; Schott; 75-W light bulb) and two or three 
spectra were recorded to verify the stability of the photointerme­
diate spectrum under the experimental conditions (spectrum 2). 
The relative amount of MI formed after illumination. ([MI]/ 
[bleached rhodopsin]) was derived from the linear relationship 
between the i tnax of the difference spectrum (spectrum 
1-spectrum 2) and the amount of photoproduct (%). In these 
difference spectra, Xtmix varies linearly from 498 nm (0% MI, 
100% Mil) to 530 nm (100% MI, 0% Mil). Assuming 
[bleached rhodopsin] = [MI] -+ [Mil] (Parkes and Liebman, 
1984), the amount of MI was calculated from [(Ainax—498)/ 
(530—498)]X100 (‘difference-spectrum approach’). The valid­
ity of this approach was verified by means of the ‘classical 
approach’, which requires a third spectrum after addition of hy­
droxyl amine to convert all photointermediates in the sample into 
opsin and retinaloxime (DeGrip et al., 1983). The difference- 
spectrum approach, which was exploited for similar analyses in 
digitonin by Weitz and Nathans (1993), yields the same average
values for MI, but generally gives belter reproducibility than the 
classical approach.
Kinetic analysis of the formation of MIL The formation of 
Mil was studied at — 6°C, with a time resolution of 0.1 s, using 
the rise in absorbance at 380 nm upon bleaching the samples 
with a short photoflash in the spectrophotometer. Photoreceptor- 
membrane suspensions («=2 pM rhodopsin) were studied in 
buffer A (with or without 2 M KC1) containing 20% glycerol 
(mass/vol.) to prevent freezing. Flash illumination, using a con­
ventional photo flasher equipped with a Kodak 32 filter, resulted 
in approximately 40% bleaching/flash. Each sample was illumi­
nated at least twice to evaluate reproducibility. Although the 
photomultiplier was protected from the photo flash by a Kodak 
58 filter, reliable absorbance data could only be collected after
2 s. The apparent rate constants (kohJ were obtained by fitting a 
mono-exponential equation to the absorbance data.
Kinetic analysis of the decay of MIL The decay of Mil to
metarhodopsin III (Mill) was analyzed at pH 6, 15°C, by meas-
t
uring 50 spectra (170 s/spectrum) after bleaching the sample 
(10-s illumination). We selected 15°C and pH 6 because, under 
these conditions, photoconverted rhodopsin decays almost fully 
and within several milliseconds to Mil, while Mil decay is do­
minated by the transition of MII to Mill. Other processes, such 
as M il—► opsin + retinal and M ill—»opsin + retinai, proceed 
only very slowly under these conditions, compared with 
M il—»-Mill (Blazynski and Ostroy, 1981, 1984; Klinger and 
Braiman, 1992), Buffer A (Mes) with or without 4M  KC1 was 
used. We took the decrease in the absorbance difference between 
380 nm and 418 nm (isosbestic point for the transition; Van- 
Breugel et al., 1979) as a measure of the decay of MIL Similarly, 
the rise in absorbance difference between 455 nm (Mill) and 
418 nm was used to measure the formation of Mill. Fits of a 
mono-exponential function to these absorbance data were used 
to calculate the rates of Mil decay and Mill formation under 
both experimental conditions.
FTIR spectroscopy. FTIR analyses were performed on a 
Mattson Cygnus 100 spectrometer equipped with a liquid-nitro­
gen-cooled narrow-band HgCdTe detector. The operation of the 
spectrometer and spectral manipulations were carried out by 
means of the Expert-IR software package (Mattson). All spectra 
were taken at 8-crrr1 resolution. Samples were illuminated in 
the spectrometer for 20—30 s by means of a 20-W halogen lamp 
equipped with a KG1 infrared filter and an OG530 cut-off filter 
(Schott) in the transmission experiments, and a fiberoptics ring 
illuminator (Schott) in combination with an OG530 filter in the 
attenuated total reflectance (ATR)ZFTIR experiments. Sample 
temperature was controlled by means of a circulating bath in the 
ATR/FTIR experiments and an immersion cooler in combination 
with a computer-controlled variable-temperature cell (Graseby 
Specac) in the FTIR transmission experiments.
Static FTIR difference spectroscopy. For analysis of the 
rhodopsin to MI/MII transition, FTIR difference spectra were 
obtained in a similar way to that previously described (Roth­
schild et al, 1987; DeGrip et al., 1988). Samples were prepared 
by isopotential spin drying of an aqueous suspension of photore­
ceptor membranes (containing 2—3 nmol rhodopsin) on an AgCl 
window (Fisher Scientific Co.). The photoreceptor-membrane 
films were hydrated with about 2 pi 2Xbuffer A, with or without
4 M KC1, and sealed by means of a rubber O-ring spacer and a 
second AgCl window. The concentration of buffer A was 
doubled to enhance its buffering capacity. Difference spectra 
were obtained at 10°C by subtracting the spectrum (256 scans,
1 min/spectrum) just before illumination from the spectrum im­
mediately after sample illumination. Under the various experi­
mental conditions, the shape of the amide~I band in the absolute
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Fig. 1. Effect of the KC1 concentration on the apparent pKa of the 
MI/MII equilibrium. The relative amount of MI formed after bleaching 
a ROS-membrane suspension at 10°C presented as a function of pH at 
different KC1 concentrations. (+), hypotonic buffer (20 mM buffer and 
5 mM KCI); ( • ) ,  isotonic buffer A; (A), buffer A + 1 M KC1; (■), 
buffer A + 2 M  KCI; (♦), buffer A + 4 M  KCl. For clarity, standard 
deviations (n 2*3) are shown only for one curve ( + 1 M KCI). The SD 
in the other curves is comparable. Solid lines show fits to the Henderson- 
Hasselbach equation with two fixation points at pH 4 (0% MI) and at
pH 12 (100% MI).
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Fig. 2. Analysis of the salt effect on the MI/MII equilibrium by infra­
red difference spectroscopy. ATR/FTIR difference spectra (dark 
spectrum subtracted from spectrum after illumination; 8 -cirr1 resolu­
tion; 1792 scans/spectrum; 13-point smoothed; see text) of ROS-mem- 
brane films perfused with Bistris-propane buffer A (10°C; pH 8 .8 ) under 
isotonic (top spectrum) and 2 M KCI (middle spectrum) conditions and 
with Mes buffer A (pH 6 ; lower spectrum). The spectra were scaled with 
respect to the 1238-cm“ ' band, since the amplitude of this chromophore 
band does not change significantly during the MI/MII transition. Typical 
M il bands are indicated (arrows) in the lower spectrum.
infrared dark spectra did not change significantly, indicating that 
no significant changes in rhodopsin conformation had occurred.
To allow better control of pH and ionic strength, ATR/FTIR 
experiments were performed. A suspension of photoreceptor 
membranes (containing —40 nmol rhodopsin) was dried under a 
gentle stream of nitrogen to form a film on a horizontal trough- 
plate germanium ATR accessory (Spectra-Tech). The ATR ac­
cessory was mounted with a home-built perspex-flow setup 
allowing in situ illumination. Buffer A (Mes, pH 6, or Bistris- 
propane, pH 8.8), with or without 2 M KCI, cooled to 10°C, 
perfused the film at a rate of 12 ml/min. Difference spectra were 
calculated by subtracting blocks of spectra (1800 scans, —7 min) 
to improve the signal-to-noise ratio.
Kinetic analysis of the decay of MIL The decay of Mil was 
studied in the FTIR transmission mode at 15°C in spin-dried 
films that were hydrated with 2 X buffer A containing 20 mM 
Mes, pH 6.0, with or without 4 M KCL The decay was analyzed 
by taking 60 subsequent spectra (256 scans, 1 min/spectrum) 
after illumination of the sample. Decay rales of the peak absor­
bance of various typical Mil bands in these difference spectra 
were obtained by fitting a mono-exponential function to the data. 
We monitored the absorbance decay of four bands: the negative 
peaks at 1390 cm" 1 and 1435 cm"1, the positive peak at 
1687 cm-1, and the sum of the positive peak at 1750 cm and 
the negative peak at 1768 cm~J [these can be added because 
they were shown (Rath et al., 1993; Fahmy et al, 1993) to origi­
nate from a frequency shift of the C—O vibration of the carboxyl 
group in the Asp83 residue and appear in the Mll/rhodopsin 
difference spectrum only].
RESULTS
The pKa of the M I/M II equilibrium shifts to higher values at 
higher salt concentrations. We determined the relative amount 
of MI formed after bleaching ROS-membrane suspensions at 
10°C as a function of pH at five salt concentrations: hypotonic 
buffer (20 mM buffer and 5 mM KCI); isotonic buffer A (with­
out additional KCI) and with an extra 1 M KCI, 2 M KCI and 
4M KCI (Fig. 1). Under isotonic conditions, we determined an 
apparent pKa of 7.3, which agrees well with the pKa reported by 
Parkes and Liebman (1984) for rod-disk-membrane suspensions 
under similar conditions. Under hypotonic conditions, the appar­
ent pKa is shifted to 6.8. Increasing the concentration of KCI to
4 M shifts the apparent pKt) of the equilibrium to about 9.5. Due 
to the instability of MI at high pH under high-salt conditions, 
no reliable measurements at pH^9  could be obtained. Except 
for the effect on the MI/MII equilibrium, the late photocascade 
in the presence of 4 M KCI is very similar to that under isotonic 
conditions: the absorbance maximum of rhodopsin is the same 
(498 nm) and, judging from to the Amus in the ultraviolet/visible 
difference spectra, the same late intermediates (MI, Mil and 
Mill) are formed upon illumination (data not shown). We did 
not observe significant effects of increasing salt concentration 
on the scattering, measured at 650 nm, of the membrane suspen­
sion, indicating that, under our experimental conditions, no 
significant aggregation occurs.
FTIR difference spectroscopy at different KCI concentra­
tions. To establish whether the light-induced structural changes 
in the presence of 4 M KCI are similar to those under isotonic 
conditions, we applied FTIR difference spectroscopy. Fig. 2 
shows the ATR-FTIR difference spectra of photoreceptor-mem­
brane films perfused with Bistris-propane, pH 8,8, under iso­
tonic (top spectrum) and 2 M KCI conditions (middle spectrum) 
and with Mes buffer (pH 6 ; lower spectrum). These difference 
spectra were smoothed by means of the Savitsky-Golay algo­
rithm (13 point smooth). The ATR difference spectrum obtained 
at pH 6 looks very similar to that obtained under the same condi­
tions in transmission mode (Rothschild et al., 1983; Siebert e( 
al., 1983). From ultraviolet/visible spectroscopy {Fig. 1), it is 
clear that at pH 8.8 essentially no Mil is formed under isotonic 
conditions. Since the ATR trough contains at least 2 ml buffer, 
we believe that the conditions in the ATR/FTIR and ultraviolet/ 
visible experiments can be considered to be identical. These re-
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Fig.3. Effects of various salts on the M I/M II equilibrium. The rela­
tive amount of MI formed after bleaching a ROS-membrane suspension 
at pH 8.0 and 10°C under isotonic conditions compared with that formed 
in the presence of various salts. (1 M for monovalent electrolytes, 0.5 M 
for CaCL and MgSO., and 2 M for the zwilierions, to correct for net ion 
charge or solute concentration). Error bars indicate the standard devia­
tion in these experiments (n ^3 ).
suits confirm, by means of FTIR difference spectroscopy, that 
essentially no Mil is formed under these conditions. From 
Fig. 2, it is obvious that at pH 8.8, in the presence of 2 M KC1, 
bands typically observed in Ml/rhodopsin difference spectra 
decrease, while those typical for the rhodopsin to Mil transition 
(indicated by arrows in Fig. 2) are enhanced. No marked shifts 
or alteration of band patterns are observed. From the increase in 
the typical Mil bands, it can be estimated that 40±10% is 
formed in the presence of 2 M KC1. This value is in good 
agreement with the ultraviolet/visible data (Fig. 1), FTIR trans­
mission experiments yielded similar results as the ATR/FTIR 
experiments, although the results were less pronounced due to 
the poorer control of pH and ionic strength (data not shown). 
From these data, the bandshape of the amide-I band in the abso­
lute infrared spectra and the ultraviolet/visible spectral proper­
ties of rhodopsin and the photointermediates formed upon 
illumination, we infer that higher salt concentrations do not in­
duce structural changes, and that the altered pH dependence of 
the MI/MII equilibrium in the presence of salt can be ascribed 
to a change in the MI/MII ratio.
Ion dependence of the observed pKa shift. In principle, the 
KCI effect on the MI/MII equilibrium may either be the result 
of binding of or Cl“ at specific binding sites or an effect of 
the high ionic strength of the bulk solution on the local pH at 
the membrane surface and/or on the intramolecular charge distri­
butions. In the case of specific binding (i.e. 1 mM), satura­
tion of the binding sites is likely to occur at relatively low salt 
concentrations (isotonic) and one would not expect to observe 
the large difference in apparent pATa between isotonic solution 
and 4 M KCI shown in Fig. 1. Hence, we investigated the ability 
of other salts and of the zwitterions betaine and NDSB195, a 
sulfobetaine derivative (Vuillard et al., 1995), to shift the equi­
librium towards MIL This shift was assayed by measuring the 
amount of MI formed at pH 8 and 10°C in the presence of 0.5 M
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Fig. 4. Effect of 2 M  KCI on the rate of M il formation. Calculated 
rate constants (&tlbs) for the MII-formation at —6.0 ± 0.5 °C presented as a 
function of pH, buffer A; O, buffer A plus 2 M KCI. Buffer solutions 
contained 20% glycerol (mass/vol.) to prevent freezing. Standard devia­
tion in these experiments is about 10% (n = 4). The inset shows typical 
curves for the rise in À,lH„ at pH 6.1 and ~6°C for buffer A (solid line) 
and for buffer A with 2 M KCI (dashed line). Amplitudes were scaled 
for easier comparison. Mono-exponential functions were fitted to these 
data to obtain best estimates for fcnhs.
divalent salts, 1 M monovalent salt or 2 M zwitterions (Fig. 3). 
Most salts induce a comparable shift in equilibrium towards MIL 
However, the two zwitterions and tetraethylammonium cloride 
had no significant effect. 1 M KCI, NaCl, RbCl, CsCl, or 0.5 M 
CaCU or MgS04 all cause about the same shift (45 ±5%) 
towards Mil, so the effect is not highly cation specific. Changing 
the anion in the series KCI, KN03, KBr, KI and KSCN shows 
that there is some anion selectivity. The shift induced by KI or 
KSCN is significantly larger than that induced by the other salts 
(1 M KSCN being about as effective as 2 M KCI; Figs 1 and 3). 
These results nevertheless indicate that the shift in the MI/MII 
equilibrium is primarily dictated by the ionic strength of the 
membrane suspension.
High salt concentrations enhance the rate of M il formation.
The formation of Mil at — 6°C in photoreceptor-membrane sus­
pensions was monitored from the rise in absorbance at 380 nm. 
Values for &obs were obtained under isotonic conditions and in 
the presence of 2 M KCI at various pH between 5 and 8.5 
(Fig. 4). Under isotonic conditions, k„hs reached a minimal value 
near neutral pH, in agreement with earlier reports (King and 
Gutfreund, 1984; Parkes and Liebman, 1984). At pH^7, the 
presence of 2 M KCI enhances kaVls about twofold.
The rate of M il decay is not affected by high salt concentra­
tions. The decay of Mil was analyzed at 15 °C and pH 6.0 by 
means of ultraviolet/visible and FTIR spectroscopy (transmit' 
tance mode). The FTIR difference spectra we obtained were 
very similar to those presented in other FTIR studies on Mil 
decay (Rothschild et al., 1987; Klinger and Braiman, 1992; data 
not shown). All FTIR difference bands analyzed decayed at 
essentially the same rate. No significant differences were ob-
178 DeLange et al. (Em: J. Biochem. 243)
Time (min)
j
Fig. 5. Effect of 4 M  KC1 on the decay of M il  and formation of M ÏII 
as measured by ultraviolet/visible spectroscopy. and
A455 ,,m (change in absorbance), representing M il decay and the
formation of M ill, respectively, were measured at 15°C and pH 6.0 (Mes 
buffer A), under isotonic (solid line) and 4 M KC1 (dashed line) condi­
tions. Amplitudes were scaled for easier comparison.
served between the samples hydrated with isotonic buffer A or 
with buffer A containing 4 M KC1. The decay of all bands could 
be adequately described by a mono-exponential function to yield 
a half time of 18 ±2 min under both conditions. Typical results 
obtained by ultraviolet/visible spectroscopy are presented in 
Fig. 5, which show the decay of Mil and the formation of Mill, 
as represented by (Aminm-A4iiinm) and (A4„ nni-A,!t4nm), as a func­
tion of time. The kinetics under isotonic or 4 M KC1 conditions 
are not significantly different. This type of experiment yielded 
half times of 19 ±3 min. Our data provided no indication of an 
alternative decay pathway for Mil at this temperature (Blazynski 
and Ostroy, 1981, 1984; Klinger and Braiman, 1992).
DISCUSSION
In this study we investigated the effect of ionic strength on 
the late photocascade of bovine rhodopsin in the photoreceptor 
membrane. The most striking observation was that the apparent 
p Kn of the MI/M 11 equilibrium strongly depends on the ionic 
strength of the membrane suspension. The shift in equilibrium 
position is primarily due to an ionic-strength-dependent increase 
in the rate of the MI—>MII transition, For instance, from the data 
presented in Fig. 4 and the shift in equilibrium position under 
these conditions, we calculated that at pH 7, assuming a pseudo- 
first-order reaction scheme and defining kabs = k.H 4- the 
rate of M il formation (MI—»Mil; /c M) increases about tenfold in 
response to an increase in ionic strength of 2 M, while the re­
verse reaction (Mil—►MI; &_,) is only accelerated about twofold. 
Because the equilibrium shift is not highly ion specific, we con­
clude that it is not primarily caused by specific binding of ions, 
but that it rather depends on the bulk ionic strength. A possible 
explanation for the different behavior observed with KI, KSCN 
and tetraethyl ammonium chloride is that the I", SCN- and tetra­
ethyl ammonium ions are more lipophilic than the other ions 
tested. It seems unlikely that higher ionic strength causes struc­
tural changes in rhodopsin or its photointermediates, considering 
that their visible and infrared spectral properties are independent 
of ionic strength. Small structural changes in the retinal-binding 
pocket would have already influenced Amax and the characteristic 
band patterns in the FTIR difference spectra (DeCaluwe et al., 
1995). The implications of the observed salt effects for models 
of the MI/MII transition will be discussed below.
Membrane properties. Biomembranes and lipid-protein in­
teractions are known to be sensitive to the ionic environment. 
For instance, several salts can influence membrane proteins indi­
rectly by affecting the fluidity of the membrane matrix (Yang et 
al., 1993; DeGrip et al., 1983). These effects, however, involve 
binding of ions to the lipid headgroups and therefore always 
show a preference for divalent and trivalent cations (e.g. Ca2 t, 
Mg2+ and La3+), which we did not observe here. Binding of 
divalent cations, such as Ca2t, to phosphatidylserine bilayers, 
for example, has been shown to rigidify the membrane, which 
results in a shift of the MI/MII equilibrium towards MI (DeGrip 
et al, 1983; Gibson and Brown, 1993). The fluidity of the 
photoreceptor membrane, however, seems to be unaffected by 
high salt concentrations, as we noticed that the frequency of 
the methylene C-H symmetric-stretch vibration remains at 
2854.2 ±0.2 cm“ 1 in ATR/FTIR spectra of ROS films perfused 
with Bistris-propane buffer with and without 2 M KC1 
(DeLange, F. and DeGrip, W. J., unpublished data). The fre­
quency of this vibration is a good indicator of membrane pack­
ing (Cameron et al., 1980; Lambda et al., 1994).
Effects on surface pH. Another explanation might be that the 
ionic strength of the bulk membrane suspension affects the 
surface pH. Because of the relatively high local charge density, 
the pH at the membrane surface usually differs from bulk pH. 
Surface-charge effects were put forward to explain the ionic- 
strength dependence of the purple-to-blue-transition in bacterio- 
rhodopsin (Szundi and Stoeckenius, 1989). Alexiev et al. (1994) 
showed that the charge density calculated from the ionic- 
strength dependence of the purple-to-blue transition in a bacte- 
riorhodopsin mutant reconstituted in detergent/lipid mixed 
micelles equalled the surface-charge density calculated from the 
ionic-strength dependence of the apparent p/T., of a pH indicator 
dye attached to the extracellular side of the protein, thereby 
showing a direct relationship between the purple-to-blue transi­
tion and the surface potential on the extracellular side of bacte- 
riorhodopsin. Another example of such a phenomenon is the 
ionic-strength dependence of the equilibrium between acid and 
alkaline metarhodopsin in octopus photoreceptor membranes, 
which was interpreted to be due to screening of net negative 
charges at the extracellular membrane surface (Koutalos el al.,
1990). In these two systems, raising the ionic strength results in 
a decrease of the apparent pKir To explain the pKit increase for 
the MI/MII equilibrium in this way, the side from which we are 
titrating the MI/MII transition should have a net positive charge. 
As the cytosolic side of rhodopsin contains more basic than 
acidic residues, this side is probably positively charged 
(Ovchinnikov et al., 1982; Hargrave et al., 1983). Hence, part 
of the shift in pKit of the MI/MII equilibrium we observe might 
be explained by an ionic-strength dependence of the surface 
charge and hence of the surface pH at the cytosolic side of the 
photoreceptor membrane. Screening of the net-negative lipid- 
head group charges is not expected to result in an altered equilib­
rium position, since it is possible to recover full photochemical 
function of rhodopsin upon reconstitution in a neutral lipid envi­
ronment alone (Brown, 1994). The results for the two zwitter- 
ions may be interpreted to be due to less effective screening of 
these surface charges. Preliminary evidence from comparative 
titration studies, as in Fig. 1, of ROS membranes and partially 
digested (proteinase K) or modified (succinic anhydride) 
rhodopsin suggests that changes in the cytosolic surface charge 
affect the MI/MII equilibrium (DeLange, F., Bovee-Geurts, P. H. 
M. and DeGrip, W. J., unpublished data).
However, a shift in the surface pH can only explain part oi 
the observed shilt in pKir The cross-sectional area of rhodopsin 
is known to lie in the range of 8 — 12 nnr (Tsui et al., 1990).
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From the folding model of bovine rhodopsin (Ovchinnikov et 
al., 1982; Hargrave et al., 1983), we deduce that, in our experi­
mental pH range, there is a maximum of five net positive 
charges on the cytosolic side of the protein. Applying the Gouy- 
Chapman and Boltzmann equations, in modified forms (Kou- 
talos et al., 1990), one can calculate that under such conditions 
this surface charge would be effectively screened at 2 M 
monovalent electrolyte. This calculated concentration probably 
represents an upper estimate, since Tsui et ah (1990) claim that
0.2 M monovalent salt is enough to screen the surface potential 
of disc vesicles. The apparent pKu of the MI/MII equilibrium, 
however, is still considerably shifted upwards upon raising the 
KC1 concentration from 2 M to 4 M. Therefore, high ionic 
strength might also affect buried residues that are involved in 
tuning the pH sensitivity of the MI/MII equilibrium. This could 
also explain the stronger effect on the MI/MII equilibrium of the 
lipophilic anions I" and SCN~ (Fig. 3), because they might get 
closer to these buried residues. The suggestion that a high ionic 
strength of the bulk membrane suspension can influence residues 
in the interior of rhodopsin is supported by the observation that 
at pH >  9 the absorbance maximum of rhodopsin is blue-shifted 
by 8 nm in rod-disk membranes at 4 M KC1, while this shift 
does not occur under isotonic conditions (Koutalos, 1992).
This study reports ionic strength effects on the apparent pK.A 
of the MI/MII equilibrium of bovine rhodopsin in the native 
photoreceptor membrane. Almost all detergents dramatically 
alter the MI/MII transition. In most detergents, the transition is 
no longer a pH-dependent equilibrium in the experimental pH 
range (pH 5 — 9), but fully proceeds to MIL Salt effects have 
been reported before only for rhodopsin in micellar solution. 
Matthews et aL (1963) observed that in digitonin micelles Mil is 
favored in the presence of neutral salts such as lithium bromide, 
sodium phosphate or potassium phosphate, without affecting the 
apparent pKa of the MI/MII equilibrium. A more recent report 
describes ionic-strength effects on proton movements during the 
formation of Mil (Arnis and Hofmann, 1993). In this study, it 
is shown that in dodecylmaltoside or nonylglucoside micelles, 
deprotonation of the retinal Schiff base (M I^M IIA) precedes 
proton uptake (MIIA + H+*=sMIIB). Schiff-base deprotonation 
was found to be accelerated at high ionic strength. This agrees 
with our observation that Mil formation is accelerated at 2 M 
KC1 in ROS membranes.
Our finding that the pA  ^of the MI/MII equilibrium is sensi­
tive to the ionic strength of the membrane suspension up to very 
high KC1 concentrations, supports the concept that the MI/MII 
equilibrium is at least partially controlled by electrostatic factors 
(Robinson et al., 1992; Weitz and Nathans, 1993; Zvyaga et al.,
1993). It has been proposed that the pH dependence of the 
MI/MII equilibrium is mainly regulated by a histidine residue, 
because the pKu of the imidazole group (in water) is within the 
range of the apparent pKa of the MI/MII equilibrium in digitonin 
solution (6.4 at 3.2°C; Matthews et al., 1963). Weitz and 
Nathans (1992) suggested that this histidine is His211, as they 
found that its replacement by either cysteine or phenylalanine 
results in a complete blockade of the MI/MII transition in digi­
tonin solution. Since the piCa of the MI/MII equilibrium can be 
shifted to at least 9 in the native photoreceptor membrane, we 
believe that residues other than histidines may participate in cou­
pling of the deprotonation of the retinal Schiff base to the struc­
tural changes that result in M il formation. That the apparent pK.t 
can shift from as low as pH 6.8 to over pH 9 suggests that not 
just a single residue is involved, but rather that a consortium of 
residues, like in a H-bonded network, may be responsible
(DeGrip et al., 1993).
In conclusion, we believe that the observed effects can be 
attributed to ionic-strength effects on the protein itself, and do
not involve the lipid matrix as much. While the ionic strength 
will vary only very little under physiological conditions, these 
studies seem to indicate that the charge asymmetry in bovine 
rhodopsin is finely tuned so as to produce significant amounts 
of the active Mil intermediate under physiological conditions. It 
would be interesting to investigate whether this concept of 
charge-driven activation modulation also occurs for other mem­
bers of the family of G-protein-coupled receptors.
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